Heavy metal ions, one kind of harmful substance, may exist in the soil irrelevant to artificial development, and soil contamination, due to soil and rock containing these naturally derived heavy metals, has recently become apparent. Thus, in an amendment that came into effect in 2010 of Japan, the scope of countermeasures and regulations for contaminated soil was amended to "contaminated soil derived from artificial development" and "naturally derived contaminated soil". When naturally derived contaminated soil is encountered during the carrying out of construction work, countermeasures against this type of soil contamination are necessary. In this research, new metal-insolubilizing materials are developed in order to improve the insolubilization treatment which is one method for treating contaminated soil. Specifically, tests are conducted to clarify the insolubilization effect on heavy metals, and the insolubilization mechanism is chemically and mineralogically discussed.
Introduction
In recent years, soil contamination caused by naturally occurring heavy metals in the soil has become a problem. One solution is to restore this contaminated soil and put it to practical use. Based on the Soil Contamination Countermeasures Act (Act No. 53 of 2002) by Ministry of the Environment, Government of Japan [1] , the restoration of contaminated soil involves satisfying the environmental quality standards for the amounts leached in soil and content in soil. The most reliable method for restoring contaminated soil is to purify it by soil washing. Purification is a very attractive and highly effective method for dealing with contaminated soil. However, it is not very practical because it is economically inefficient and can be applied only under limited conditions, such as when the clay component of the soil is extremely low [2] . At present, there are few efficient and economical methods for removing heavy metals, namely, inorganic pollutants, from soil. As with excavation removal, it is common for contaminated soil to be brought to a treatment facility and processed. However, there is a limit to the amount of contaminated soil that can be accepted at existing disposal sites, and establishing new disposal sites is difficult due to the opposition of neighboring residents and the strengthening of regulations. In view of the recent circumstances, it has become necessary to avoid treatment by landfilling with contaminated soil, to appropriately treat the target soil right at the excavation site, and to create technologies for recycling this soil as earth and sand. Thus, researching new methods for removing harmful substances from soil at a low cost is important.
The focus is now being placed on an insolubilization treatment which can improve contaminated soil while satisfying these conditions. Insolubilization treatment means that when inorganic contaminants, such as heavy metals, are contained in the soil and contaminate it, they are chemically insolubilized by mixing in safe and harmless metal-insolubilizing materials; this eliminates the risks of toxicity. Insolubilization treatment is more economical than other treatments. It does not require the contaminated soil to be transported away from the site. The risk of contamination diffusion at the time of movement is low, and it has advantages such as low energy consumption. In addition, metal-insolubilizing materials which contain an inorganic mineral as the main raw material cause less of an environmental burden than cementitious material. However, with conventional inorganic mineral-based metal-insolubilizing materials, the insolubilization effect is exerted only for certain heavy metals. In some cases, it is not possible to insolubilize plural heavy metals. In addition, considering the environment in which treated soil is placed, it is important for the pH level to be kept constant over the long term in order to exert the insolubilization of harmful substances over the long term.
In this study, upgrade of metal-insolubilizing materials proposed can improve the instability of the insolubilization effect due to the type of heavy metal, which is one of the problems of conventional metal-insolubilizing materials. Specifically, the aims are to conduct leaching tests on the insolubilization effect on heavy metals, to elucidate the insolubilization mechanism from the test results, and to ensure the long-term stability of the insolubilization treatment, as shown in Figure 1 . Journal of Environmental Protection 
Insolubilization Treatment for Soil Contaminated with
Heavy Metals
Concept and History of Soil Contamination
Soil contamination means that the soil and the groundwater contain harmful chemical substances which can cause adverse effects on people's health, the living environment, and the ecosystem [2] [3] . Soil contamination is roughly divided into two categories, artificial soil contamination due to factory operations and mining development, and soil contamination caused by substances deposited in nature.
The history of soil contamination in Japan dates back to the Meiji era. The oldest soil contamination problem is the Ashio copper mine pollution incident, which occurred during the modernization period just after the Meiji Restoration.
In this incident, heavy metal ions that were contained in waste stone, and so on, generated by mining, flowed into the Watarase River, and when the river flooded, soil contamination by these heavy metal ions was widespread [4] .
In addition, Itai-Itai disease, one of the Four Big Pollution Diseases in Japan, is caused by the soil and groundwater contamination problem brought about by cadmium ions, which are a kind of heavy metal ion [5] .
As previously stated, there are cases where naturally derived heavy metal ions exist regardless of artificial development. In volcanic countries, like Japan, igneous rocks are distributed nationwide, and volcanic sedimentary rocks are scattered on the surface due to crustal deformation [6] . Heavy metal ions may be of the law enacted in 2010, the scope of countermeasures and regulations for contaminated soil was revised as "contaminated soil derived from artificial development" and "contaminated soil derived from nature", as shown in Table 1 .
Therefore, when contaminated soil derived from nature is encountered in construction work, a countermeasure is necessary [3] .
Soil Contamination Countermeasures Act
In Japan, 
Soil Contaminated with Heavy Metals and Environmental Quality Standards
The Ministry of the Environment assumes two routes of intake to people of designated hazardous substances, "direct intake" and "intake via underground water". Table 2 .
In Table 2 , if designated hazardous substances exceed the environmental quality standards for the content in soil, insolubilization treatment cannot be applied. However, when considering the risk of intake of harmful substances via groundwater, insolubilization treatment can be applied. Insolubilization treatment is very effective against low-concentration contaminated soil that satisfies the environmental quality standards for the content in soil of designated hazardous substances, and does not exceed the second level standards for the amount eluted soil which are larger from 3 to 30 times than the first level standards for the amount leached in soil. Furthermore, this method is also very effective against naturally derived contaminated soil [3] [7] . In summary, insolubilization treatment suppresses the leaching of heavy metal ions from soil for which the content of the heavy metal ions in the soil is not so high, but the amount of leaching into the groundwater exceeds the environmental quality standards.
Insolubilization Treatment and pH
The three main types of insolubilizing materials are cement-based materials using cement, lime-based materials mainly containing quick lime and slaked lime, and metal-insolubilizing materials mainly containing inorganic minerals. There is no difference in performance among the cement-based materials, lime-based materials, and inorganic mineral-based materials from the viewpoint of insolubilization against designated hazardous substances (heavy metal ions), although there is a difference in the pH levels (hydrogen ion exponents) in the soil after the insolubilization treatment, as shown in Table 3 . Therefore, depending on the combination of contaminated soil and metal-insolubilizing material, the soil after insolubilization treatment can be reused as ground material in some cases.
Insolubilization treatment with inorganic mineral-based metal-insolubilizing materials has the advantage of inducing the pH value. 
Long-Term Weather Resistance of Soil after Insolubilization Treatment
In soil subjected to insolubilization treatment, the heavy metal ions must be kept in the soil for a long time so that they do not dissolve again. However, after the insolubilized soil is backfilled to the ground, the heavy metal ions immobilized in the soil may be re-eluted along with the changes in the pH of the soil due to rainwater or external factors, and so on. Since cement-based materials and lime-based materials exert and maintain their insolubilization effect under alkaline conditions, heavy metal ions are re-eluted if the pH of the insolubilized soil decreases. This phenomenon is called neutralization, and heavy metal ions may leach into the surrounding soil and groundwater due to the neutralization of the insolubilized soil. Therefore, when insolubilizing with a cement-based material, a cover soil is applied to the surface layer of the backfilled soil to prevent the re-elution of the heavy metal ions due to soil neutralization [8] . Similarly, even in insolubilization using a metal-insolubilizing material, it is necessary to apply a countermeasure against stimulation to the soil pH due to external factors, such as acid rain, and treat the soil so that the heavy metal ions do not dissolve.
Experimental Study on Insolubilization Effect of
Metal-Insolubilizing Material
Overview
As mentioned earlier, due to the amendment of the Soil Contamination Countermeasures Act in 2010 [3] [7] , countermeasures are now required for the development of contaminated soil derived from nature which had not been regulated in the past. Regarding the improvement of contaminated soil derived from nature, the contaminated soil to be improved is widely distributed in many cases, and increases in the environmental load and processing costs are expected in the case of insolubilization treatment with conventional cement-based or lime-based materials. Therefore, it is necessary to carry out mineral stabilization (insolubilization treatment) on construction-generated soil in order to reduce the transportation risk, costs, and environmental load. In this study, leaching tests by Environment Agency Notification No. 46, announced in 1991, used to determine the insolubilization effect [9] . The contaminated soil targeted in this study contains naturally derived heavy metals and the like. In order to investigate the insolubilization effect of the metal-insolubilizing material on the contaminated soil, leaching and pH tests were and to drive concrete, and so on, into the soil via construction work. At this time, the improved soil may be affected by alkali [10] . Therefore, considering the stimulation by alkali, alkali addition tests, recommended by the Geo-Environmental
Protection Center (2008) were conducted and the long-term weatherability against alkali was verified.
Characteristics of Metal-Insolubilizing Materials
Two kinds of metal-insolubilizing materials, A and B, were used in this study.
Metal-insolubilizing material A is composed mainly of calcium, silicon, and aluminum components, as shown in Table 4 . Metal-insolubilizing material B newly incorporates a magnesium component into metal-insolubilizing material A, and the magnesium becomes one of the main components instead of the silicon, as shown in Table 5 . By adding these materials to contaminated soil, the insolubilization effect brought about by the minerals produced by a chemical reaction can be expected.
Leaching Test
According to the environmental quality standards for the amount leached in soil 
pH Test
The pH test (suspension method) is carried out according to the "JGS 0211-2009" standard set by the Japanese Geotechnical Society [14] . The test method stipulates that the pH be measured as a fluid in a state at which the soil and the water are suspended, and targets particles with a particle size of 10 mm or less.
Long-Term Weather Resistance Test
In this research, a long-term weather resistance test is carried out according to 
Insolubilization Effect on Soil Contaminated with Multiple Types of Heavy Metals
In order to evaluate and investigate the insolubilization effect of metal-insolubilizing materials, metal-insolubilizing material A was added to soil contaminated with multiple types of heavy metals and a leaching test and a pH test were conducted, as detailed in Table 6 .
Test Method and Conditions a) Target soil
The target soil was mudstone contaminated with multiple types of heavy metals, and the soil was acidic (pH = 3.6) before adding the metal-insolubilizing material.
b) Leaching test
The leaching test was conducted as explained in 3.
3. An inductively coupled plasma mass spectrometer (ICP-MS) was used for the test.
c) pH test
The pH test was conducted as detailed in 3.4.
Test Results

a) Leaching test
The results of the leaching test are shown in Table 7 and Figure 4 . Table 7 . Results of leaching test. 
b) pH test
Regarding the results of the pH test, the pH of the soil after the addition of 30 kg/m 3 of metal-insolubilizing material A was 7.5, whereas the pH of the target soil (raw soil) was 3.6. That is, although the raw soil was acidic, the soil was neutral after adding metal-insolubilizing material A. It is thought that the neutralization reaction occurs due to the mixing with the target soil (raw soil), resulting in the increase in pH, since the main component of metal-insolubilizing material A, such as lime, is alkaline.
Issues for Metal-Insolubilizing Material A
In order to maintain the insolubilization effect over a long period of time, it is necessary to evaluate and examine the insolubilization effect under external stimulus, such as from acid and alkali. When the contaminated soil is alkaline before the insolubilization treatment, there is concern that the insolubilization effect due to metal-insolubilizing material A cannot be exerted. Therefore, it is necessary to investigate metal-insolubilizing materials that do not cause the soil pH to become extremely acidic or alkaline after the insolubilization treatment.
Insolubilization Effect Taking External Stimulus into Account
The insolubilization effects due to the difference between insolubilizing materials A and B were examined by conducting an acid or alkali addition leaching test, which considered the long-term weather resistance, along with the leaching test and the pH test, as shown in Table 8 .
Test Method and Conditions a) Target soil
The target soil was gravel soil contaminated only with arsenic (As); the soil was alkaline (pH = 11.9) before the metal-insolubilizing material was added. The test was conducted as defined in 3.4.
d) Acid addition leaching test
The test was conducted as given in 3.5.
e) Alkali addition leaching test
Test Results
a) Leaching test
The results of the leaching test are shown in Table 9 and Figure 5 . The insolubilization effect on arsenic (As) can be confirmed for each metal-insolubilizing material.
b) pH test
The results of the pH test are shown in Table 10 and Figure 6 . When metal-insolubilizing material A is added, the pH of the soil rises in comparison to that before the addition. As a result, it is conceivable that the main component of metal-insolubilizing material A is alkaline. In addition, when metal-insolubilizing material B is added, the pH of the soil decreases in comparison to that of the target soil and the case in which metal-insolubilizing material A is added. As a result, the amount of the metal component, indicating the acid, is increased in metal-insolubilizing material B in comparison to metal-insolubilizing material A, and it is thought that the addition of the magnesium component causes the pH buffering action [15] .
c) Acid or alkali addition leaching test
The results of the acid or alkali addition leaching test are shown in Table 11 and Figure 7 .
When the soil receives external stimulus, such as acid and alkali after adding metal-insolubilizing material A, the leaching amount of arsenic exceeds the environmental quality standards for soil and cannot maintain the insolubilization effect. On the other hand, after adding metal-insolubilizing material B, the insolubilization effect can be maintained. Thus, it is thought that the insolubilization effect is maintained by the pH buffering action because metal-insolubilizing material B contains a large amount of the magnesium component [15] . 
Insolubilization Mechanism for Heavy Metals
Classification of Insolubilization Mechanism
This study focuses on insolubilization by minerals. Therefore, it is necessary to clarify the mechanism. First, the reaction caused by insolubilization will be Physisorption is due to van der Waals' force and Coulomb's force. In particular, adsorption by Coulomb's force (electrostatic force) is called electrostatic adsorption. Such physical adsorption is also called an outer sphere complex formation reaction; it constrains the molecules and ions in the solution by the above-mentioned force and has no chemical bond [16] [17] [18] . Therefore, physisorption is weaker than chemisorption, which will be described later. Sorption is a phenomenon in which adsorption and absorption occur simultaneously. That is, molecules and ions in the solution are adsorbed on the solid surface, and the adsorbates pass through the solid surface layer and enter the inside [16] [17] [18] . In addition, when the adsorbates are incorporated into the solid, it is thought that the crystal structure of the solid changes and a rearrangement occurs. In other words, a new compound is generated, as seen in Figure 8 .
Insolubilization by Generated Minerals
Focus is on insolubilization by various kinds of minerals based on the contents described in 6.1. From the above test results, insolubilization by metal-insolubilizing material A is thought to be insolubilization by schwertmannite and apatite. In addition, insolubilization by metal-insolubilizing material B is thought to be insolubilization by hydrotalcite together with schwertmannite and apatite, as shown in Figure 9 and Figure 10 . Therefore, the insolubilization mechanism by these minerals, generated after adding the metal-insolubilizing material, is discussed. Regarding the insolubilization mechanism, it is thought that the sulfate ions in the schwertmannite are exchanged for arsenate ( ) The selectivity of oxy anion species on schwertmannite-holding sulfate ions is "arsenate ion > chromate ion > selenate ion"; arsenate ions are preferentially adsorbed [21] . In addition, the phase change time from schwertmannite to goethite is also long in the above order, and the retention stability of adsorbed oxy anion species is also high in the above order [22] [23].
Therefore, schwertmannite is a long-term stable mineral especially for arsenate ions.
b) Insolubilization by hydrotalcite
After the addition of the metal-insolubilizing material, the magnesium component, the aluminium component, and the water in the soil cause a chemical reaction whereby hydrotalcite is generated.
Hydrotalcite has a host layer which is a positively charged octahedral layer formed by substituting Al 3+ for a part of Mg 2+ of Mg(OH) 2 , and a guest layer which is composed of an anion and interlayer water compensating for this positive charge. Hydrotalcite has a structure in which it is alternately stacked with host layers and guest layers [23] .
Regarding the insolubilization mechanism, when the positively charged host layer of hydrotalcite is formed, heavy metal anions, such as water, arsenate ions, Figure   12 .
That is, heavy metal anions are physically (electrically) adsorbed between the hydrotalcite layers; and thereafter, there is a risk of the heavy metal anions re-elution when the heavy metal anions are exchanged for other anions. However, if the heavy metal anions form inner sphere complexes with hydrotalcite surfaces after physisorption, the possibility of re-elution greatly decreases.
c) Insolubilization by apatite
After the addition of the metal-insolubilizing material, the calcium component, the phosphoric acid component, and the water in the soil cause a chemical reaction whereby apatite is generated.
For insolubilization by apatite, hydroxyapatite is firstly formed, and then heavy metals are insolubilized by the substitution reaction between the hydroxyapatite and the heavy metal ions. Therefore, insolubilization progresses in stages, so it is thought that the above-described sorption occurs. In other words, it is conceivable that heavy metal ions are adsorbed on the surface of hydroxyapatite and afterwards incorporated into hydroxyapatite, resulting in the formation of apatite crystals containing heavy metals, as shown in Figure 8 .
Hydroxyapatite is represented by Ca 5 (PO 4 ) 3 (OH), which can be expected to insolubilize many hazardous substances, such as lead, cadmium and arsenic. The reaction is shown below. Ca PO OH 5Cd Cd PO OH 5Ca
Regarding the insolubilization mechanism for arsenic, the arsenate ions as seen below (Equation (3)).
( ) ( ) 7. Conclusions
Insolubilization Effect
In this study, a leaching test, a pH test, and an acid or alkali addition leaching test were performed on metal-insolubilizing materials A and B with different main components to confirm the insolubilization effect. When the target soil was acidic and the insolubilization treatment was performed using metal-insolubilizing material A, a sufficient insolubilization effect was obtained for the complex contaminated soil and the treated soil was neutralized. When the target soil was alkaline and the insolubilization treatment was performed using both metal-insolubilizing materials A and B, a sufficient insolubilizing effect on arsenic was obtained for each metal-insolubilizing material, but the pH of the soil after the insolubilization treatment was different. In addition, only metal-insolubilizing material B was able to bring about a long-term insolubilization effect.
Insolubilization Mechanism
In this study, the insolubilization mechanism was clarified from chemical and mineralogical considerations based on the data obtained from the tests. Then, based on phenomena such as adsorption, absorption, and sorption, attention was focused on insolubilization by minerals, such as schwertmannite, hydrotalcite, and apatite.
Moreover, as insolubilization by other minerals and compounds is also conceivable, further consideration is necessary.
Future Tasks
Although the insolubilization effect could be confirmed in this study, it was not possible to identify the compounds present in the soil after insolubilization treatment. Therefore, in order to confirm the compounds in the soil in detail, it will be necessary to perform an analysis using an electron microscope and so on, together with an X-ray analysis.
In addition, metal-insolubilizing materials with different compositions and compounding ratios were prototyped, and the insolubilization effect on soil contaminated with heavy metals under various conditions was confirmed. As a result, the metal-insolubilizing materials could be improved.
